Despite the wide use of G-CSF for mobilization of PBPC the best dose and schedule of G-CSF has not been definitively established. In this study we have compared three different schedules of G-CSF for mobilization of PBPC in normal donors including a single daily dose of 10 g/kg/day for 5 days (21 donors) and doses of 6 (21 donors) or 8 g/kg/12 h (6 donors) for 5 days. We demonstrate that G-CSF at doses of 6 and 8 g/kg/12 h mobilizes significantly more CD34 ؉ cells/ml of blood (83.3 ؎ 6.7 and 121 ؎ 6.9, respectively) than 10 g/kg/day (71.6 ؎ 6.5). Mobilization with 6 or 8 g/kg/12 h of G-CSF was also associated with collection of significantly more CD34
phage (GM)-CSF, interleukin 3 (IL3) or stem cell factor (SCF) is able to increase the number of hematopoietic progenitors in the PB has led to an increase in the number of hematopoietic stem cell transplants performed using PBPC instead of steady-state bone marrow (BM). [5] [6] [7] [8] Recent studies comparing transplantation using BM progenitors or mobilized PBPC have demonstrated that autologous PBPC transplantation is associated with faster neutrophil and platelet engraftment, decreased length of hospitalization and decreased use of antibiotics which translates into reducing the costs of transplantation. 4, [9] [10] [11] More recently, a number of studies have demonstrated that PBPC can also be used for allogeneic transplantation. [12] [13] [14] Despite the fact that mobilized PBPC contain 10 times more T cells than steadystate BM the incidence of acute GVHD in allogeneic PBPC transplantation is similar to allogeneic BM transplantation. 12, 15 However, preliminary evidence suggests that the incidence and severity of chronic GVHD may be increased after allogeneic PBPC transplant. 16 Among the different growth factors, G-CSF has been most extensively used for mobilization of PBPC due to its efficacy in cancer patients and normal donors and the low incidence of side-effects. 17 G-CSF-induced toxicity is usually mild and includes fever, bone pain, headaches, fatigue and occasionally nausea and/or vomiting. 18 The use of other growth factors such as GM-CSF, IL3 or SCF despite being good mobilizers has been more restricted due to their increased toxicity which is particularly relevant in normal donors. 19 Long-term side-effects are currently unknown for any clinically approved growth factor. Beside mobilization of colony-forming cells (CFC) and CD34
+ cells, we and others have recently demonstrated that G-CSF mobilizes long-term culture-initiating cells (LTC-IC) as well as phenotypically immature progenitors. [20] [21] [22] G-CSF-mobilized PBPC have a decreased NK cytotoxicity and proliferative capacity which is associated with a decrease in the number of mature as well as progenitor NK cells. 23 T cell populations are also altered in G-CSF-mobilized PBPC. 24 These abnormalities may partially explain the low incidence of acute GVHD in allogeneic PBPC despite the high number of T cells.
The optimal dose and schedule of G-CSF treatment for mobilization of PBPC in normal donors has not been definitively established. Doses of G-CSF have ranged between 2 and 24 g/kg/day for up to 10 days with apheresis being performed on days 5-11. 18 Some studies have also used divided doses every 12 h although the benefit of this approach is unclear. 25 The EBMT has recently recommended that normal donors undergoing mobilization for allogeneic PBPC transplant should receive doses of 10 g/kg/day for 5 days starting PBPC collections one day after the fourth dose of G-CSF. 14 In this study we have compared three different schedules of G-CSF for mobilization of PBPC in normal donors including a single daily dose of 10 g/kg/day for 5 days and doses of 6 or 8 g/kg/12 h for 5 days. We have determined the number of CD34 + cells and CFU-GM mobilized, the number of aphereses needed to obtain the target dose as well as the adverse effects in each group showing that G-CSF administered in divided doses (6 g/kg/12 h) provides a significantly better mobilization than 10 g/kg/day.
Subjects and methods

Normal donors
A total of 48 consecutive normal PBPC donors were included in the study. Protocols for collection of PBPC were approved by the Ethics Committee and written informed consent was obtained from every donor before the procedure. PBPC collections were used for either HLA identical or haploidentical allogeneic PBPC transplant.
Mobilization and apheresis
Normal donors received filgrastim according to three different schedules in a consecutive way: group 1: 10 g/kg/day (21 donors); group 2: 8 g/kg/12 h (six donors); group 3: 6 g/kg/12 h (21 donors). The first dose of G-CSF was given on day 1, considering day 0 as the day before starting mobilization. PBPC collection was started 18 h after the fourth dose of G-CSF in group 1 and 2 h after the eighth dose in groups 2 and 3. In the first 16 patients, the target CD34 + cell dose was 3 × 10 6 /kg of recipient body weight. However, in the following 32 patients the target cell dose was increased to 6 × 10 6 /kg. Because we initiated a program of allogeneic transplantation with CD34 + selected PBPC we needed to obtain higher CD34 + cell numbers to account for the loss of CD34 + cells that is associated with CD34 column selection. Administration of G-CSF was continued until the target dose of CD34 + cells had been obtained. Aphereses were performed using a blood cell separator (Fenwal CS-3000 plus; Baxter Healthcare, Deerfield, IL, USA) using ACD-A as anticoagulant. The flow rates were 55-65 ml/min and a total of 9-15 l of blood were processed over 4 h.
Blood counts
Blood count and differential from PB and apheresis product were performed with an automated cell counter (H-3 Technicon). 
Flow cytometry
Hematopoietic cell culture
A total of 2-5 × 10 5 nucleated cells were plated in methylcellulose containing Iscove's modified Dulbecco's medium (IMDM) (GIBCO Laboratories, Grand Island, NY, USA), supplemented with 20% fetal calf serum (FCS) (Hyclone, Logan, UT, USA) and 100 ng/ml of G-CSF (Amgen, Thousand Oaks, CA, USA). Cultures were incubated in a humidified atmosphere at 37°C and 5% CO 2 . The cultures were assessed at days 14 to 18 for the presence of CFU-GM as previously described. 20 
Statistics
Statistical analysis was performed using SPSS software. Variables are expressed as mean Ϯ s.d. unless otherwise stated. Differences between groups were determined by the Mann-Whitney U test and Kruskal-Wallis test for multiple groups. Correlations were calculated using Pearson's correlation coefficient. Distribution between categorial variables was examined by 2 test.
Results
Donor characteristics
The 48 donors ranged in age from 12 to 69 years (Table 1) . Mean age for the whole group was 40 years. There were no differences between the three groups for age or sex distribution.
Adverse effects
Administration of G-CSF and leukapheresis were completed in every donor without G-CSF dose reduction. Aphereses were performed through peripheral venous access (antecubital veins) in 37 donors. However, in five donors (10%) placement of a percutaneous central venous catheter (Quinton) was required. Adverse effects include mild to /l to 48.9 Ϯ 11.5 × 10 9 /l and 58.4 Ϯ 14 × 10 9 /l respectively. The WBC count was significantly higher for donors receiving twice a day G-CSF in comparison with donors receiving G-CSF once a day ( Figure 1 ) (P Ͻ 0.01). There were no statistically significant differences in WBC between donors receiving 6 g/kg/12 h or 8 g/kg/12 h.
The platelet count remained unchanged during the administration of G-CSF. However, we observed a statistically significant decrease in the platelet count following initiation of leukapheresis for every group of patients ( Figure 2 ) (P Ͻ 0.01). Interestingly, when we measured the number of platelets immediately after each collection and immediately before the next collection, there were no differences in the total platelet count suggesting that the decrease in platelet count was not only due to the apheresis procedure but also to decreased platelet production (Figure 2). Although there were no complications related to thrombocytopenia, in 11 cases the platelet count decreased below 100 × 10 9 /l with a minimum of 61 × 10 9 /l. Ten days after the last apheresis, the platelet count was similar to baseline values for each donor (Figure 2 ). There was no statistically significant difference in platelet count between donors receiving G-CSF at doses of 10 g/kg/day, 6 g/kg/12 h or 8 g/kg/12 h.
As has been previously reported, treatment of normal donors with G-CSF induced an increase in the percentage and total number of CD34 + cells per ml of PB. 6, 18, 20 The percentage of CD34 + cells after 4 days of treatment with G-CSF in donors treated with 10 g/kg/day, 6 g/kg/12 h or 8 g/kg/12 h were 0.18 Ϯ 0.07%, 0.17 Ϯ 0.04% and 0.21 Ϯ 0.09%. respectively (P Ͼ 0.4). However, when we analyzed the total number of CD34 + cells mobilized per ml of blood we found statistically significant differences between donors mobilized with 6 g/kg/12 h or 8 g/kg/12 h and donors receiving 10 g/kg/day (Table 1 ) ( Figure 3 ) (P Ͻ 0.01). The highest value of CD34 + cells was detected after 5 days of treatment with G-CSF and declined following initiation of leukapheresis (Figure 3 ). There was a 16-fold increase in the number of CD34 + cells per ml of blood in donors receiving 10 g/kg/day, a 20-fold increase for those receiving 6 g/kg/12 h and a 27-fold increase in donors treated with 8 g/kg/12 h. Similarly, when we determined the number of CFU-GM per ml of blood after 4 days of G-CSF we found that donors treated with 6 and 8 g/kg/12 h mobilized significantly more CFU-GM than donors treated with 10 g/kg/day (P Ͻ 0.01) (Figure 4) .
Analysis of apheresis
Although the median number of aphereses required to obtain the target CD34 + cell dose was two for every group of patients, in the group of donors mobilized with 10 g/kg/day three out of six donors required up to four aphereses to obtain 6 × 10 6 CD34 + cells/kg while only one donor out of 26 receiving twice a day doses required more than two collections to obtain 6 × 10 6 CD34 + cells/kg. According to the recipient weight, we processed two to three times the donor blood volume in each apheresis. Because the total yield of CD34 + cells depends not only on the number of aphereses but also on the volume processed we determine the yield of CD34 + cells per blood volume processed. The CD34 + yield was significantly higher in donors receiving twice a day G-CSF (P Ͻ 0.05) ( Table 2) .
Correlations between donor characteristics and CD34
+ yield
The number of CD34 + cells in steady-state PB was significantly correlated with age (r = 0.49; P Ͻ 0.05) and with the number of CD34 + cells in mobilized PB (r = 0.42; P Ͻ 0.05). However, unlike reports from other groups 26 we did not find any correlation between age and efficacy of CD34 mobilization. As has been previously reported, 18 there was a significant correlation between the number of CD34 + cells in the PB pre-apheresis and the number of CD34 + cells in the apheresis product (r = 0.87; P Ͻ 0.05). Similarly, the number of CD34 + cells was significantly associated with the number of CFU-GM (r = 0.4; P Ͻ 0.05).
Analysis of blood counts 10 days after discontinuation of G-CSF treatment
Finally, we analyzed the effect of G-CSF on PB counts 10 days after the last apheresis procedure. We observed a decrease in the number of WBC, ANC and lymphocytes 10 days after the last dose of G-CSF in comparison with baseline values (Table 3) . However, WBC, ANC and lymphocyte counts were within the normal limits for our laboratory. Furthermore, no symptoms associated with decreased counts were reported by any of the donors. There were no differences in the number of WBC, lymphocytes or platelets between donors receiving G-CSF daily or every 12 h (data not shown). Hemoglobin levels were unchanged throughout the study up to 10 days after mobilization. 
Discussion
Despite the extensive use of G-CSF for mobilization of PBPC 7,25-27 the optimal schedule and dose of growth factor has not been established. Our results suggest that administration of G-CSF in normal donors at doses of 6 g/kg/12 h mobilizes significantly more progenitors than 10 g/kg/day in a single dose which translates into better PBPC collections.
Although previous studies have demonstrated that G-CSF mobilization is dose-dependent 28 it has also been suggested that there are no differences in mobilization of PBPC between normal donors receiving G-CSF at doses between 10 and 16 g/kg/day. This indicates that the differences observed in our study may be related to the schedule of administration. We did not find differences in mobilization between donors mobilized with 6 g/kg/12 h or 8 g/kg/12 h, also suggesting that G-CSF schedule is responsible for improved mobilization. However, the group of patients receiving 8 g/kg/12h is very small to draw any definite conclusions. Another possible explanation for improved mobilization and collection of PBPC in donors receiving G-CSF every 12 h could be the different timing between the last dose of G-CSF and the apheresis procedure. Cells from donors receiving once a day G-CSF were collected 18 h after the dose of G-CSF while donors receiving twice a day G-CSF underwent PBPC collection 2 hours after G-CSF. Studies previously published 29 indicate that a higher yield of PBPC is obtained when collections are performed 12-18 h after the administration of G-CSF suggesting that the interval between G-CSF and the PBPC collection is unlikely to be the cause for the differences observed. Furthermore, even in the case that the interval between the dose of G-CSF and the time of PBPC collection contributed to improved mobilization it would not invalidate our conclusion that mobilization with 6 g/kg/12 h G-CSF is significantly better than 10 g/kg/day. G-CSF-induced mobilization is characterized by a significant increase in the number of progenitors in the PB starting between 48 and 72 h after initiation of G-CSF treatment and reaching a maximum level between days 4 and 6 of treatment. 18 We did not observe any significant differences in mobilization kinetics in either group of donors between them or with regard to previous reports. 18, 25, 26 Similarly, the increase in WBC, CD34
+ cells or CFU-GM after 5 days of G-CSF in donors receiving 10 g/kg/day was not significantly different from previous studies. 18, 25, 26, 30 Mobilization and collection of PBPC using G-CSF has been associated with a significant decrease in the platelet count. 18, 30 However, it is unclear whether thrombocytopenia is solely due to the apheresis procedure or if there is a component of platelet production inhibition. In our study there was a statistically significant decrease in the platelet numbers during the days of PBPC collection as can be seen in Figure 3 . This suggests a main role for the apheresis procedure in the thrombocytopenia observed after PBPC collection. Interestingly, when we performed platelet counts after each PBPC collection and immediately before the next collection we could not detect any increase in platelet count suggesting that G-CSF mobilization contributed to some extent to the decreased platelet count by inhibiting thrombopoiesis. Furthermore, the platelet count recovered to steady-state levels within 10 days of G-CSF discontinuation.
Most of the clinical studies report the number of CD34 + cells obtained on the basis of recipient body weight. 12, 15, 17 Because the total number of CD34 + cells obtained also depends on the actual weight of the donor, the number of aphereses and the blood volume processed, we evaluated the total number of CD34 + cells/kg of donor in the first apheresis and also the number of CD34 + cells/kg of donor in the first apheresis per volume processed. As we have shown in Table 2 there was a significant increase in PBPC yield in donors mobilized with twice a day G-CSF. The number of CD34 + cells/kg/blood volume collected in donors receiving 6 g/kg/12 h was 100% higher than in donors mobilized with 10 g/kg/day. However, there was only a 15% difference in the number of CD34 + cells/ml of blood between donors receiving 6 g/kg/12 h or 10 g/kg/day. As the settings for PBPC collection were the same in both groups, these differences argue in favor of a higher efficiency of PBPC collection in donors receiving 6 g/kg/12 h. We hypothesized that higher WBC counts may increase the collection efficiency. Alternatively, twice a day doses of G-CSF may increase the number of progenitors in the BM that are released into the PB due to the mobilizing effect of the apheresis procedure. 31 In any case we do not have a definite explanation for this differences.
In accordance with other studies the number of CD34 + cells in steady-state PB was correlated with the number of CD34 + after mobilization. Although statistically significant, the value of this correlation is questionable as the r value is 0.42. 26 Unlike previous reports we did not find any correlation between age and mobilization 26 which may be explained by the fact that most of our donors were comprised of a similar age group which makes statistical analysis less significant. Finally, side-effects associated with G-CSF were consistent with previous reports 18 and we did not find any differences between patients receiving twice a day or once a day doses. Unlike in others series of normal donors mobilized with G-CSF every donor in our study was able to complete the treatment including the apheresis procedure. 18 In conclusion, our results indicate that administration of G-CSF at doses of 6 g/kg/12 h in normal donors provides better mobilization and PBPC collection than 10 g/kg/day without any increase in morbidity. These results suggest that twice a day doses may be a more appropriate schedule of G-CSF for mobilization of PBPC in normal donors and that similar studies in patients receiving G-CSF for mobilization with or without chemotherapy may be warranted to try to optimize mobilization of PBPC.
